The locus of enterocyte effacement (LEE) is a 35 kb pathogenicity island involved in attaching and effacing (A/E) Escherichia coli enteric infection. The LEE is organized into five large transcriptional operons (LEE1-LEE5) and a few bi-and monocistronic instances. The LEE5 operon cotranscribes three genes, tir-cesT-eae, although cesT can be transcribed in a separate mRNA from its own proximal promoter. The role of this separate promoter is not understood. In this study we characterized promoter activity for the type III secretion chaperone gene cesT. The cesT promoter, cesTp, has features consistent with s 70 promoters that contain an extended "10 element. This was experimentally confirmed by mutations that altered cesTp activity. In stark contrast to LEE2-5 transcriptional operons, cesTp did not require the master regulator Ler for transcriptional activity. Moreover, cesTp activity was not dependent on the presence of GrlA or GrlR, two regulators associated with LEE gene expression. A cesTp-lux fusion was used in real-time assays and demonstrated initial cesTp activity that occurred before LEE5 promoter activity, which ensued after 120 min. cesTp was shown to be active during in vitro infection of HT-29 colonic epithelial cells. Inactivation of cesTp reduced CesT protein levels at early growth time points. These data indicate a Ler-, GrlA-and GrlR-independent activity for cesTp. We suggest that A/E pathogenic E. coli have evolved a mechanism to ready the cell for CesT protein expression in support of infection prior to Ler-and GrlA-related activities.
INTRODUCTION
Attaching and effacing (A/E) pathogens such as enterohaemorrhagic Escherichia coli (EHEC) and enteropathogenic E. coli (EPEC) are associated with significant human gastroenteric and diarrhoeal disease, particularly in young children (Croxen & Finlay, 2010; Kaper et al., 2004) . In the case of EHEC and EPEC, a 35 kilobase genetic pathogenicity island termed the locus of enterocyte effacement (LEE) has been linked to host intestinal colonization and disease (Ritchie et al., 2003; Tacket et al., 2000) . LEE genes encode proteins that form a type III secretion system (T3SS), chaperones, effectors and transcriptional regulators. Once assembled, the T3SS serves to inject effector proteins into target host cells during infection. The contribution of LEE genes in virulence has been tested in many relevant animal models of infection (Deng et al., 2004; Krejany et al., 2000; Marchès et al., 2000; Phillips et al., 2000) .
Genetic characterization studies of the LEE have identified five major transcriptional units, LEE1-5. Regulatory control of the transcriptional units is complex and involves quorum sensing, transcriptional activators, repressors and derepressors (Mellies et al., 2007) . The LEE-encoded regulator, Ler, acts to derepress H-NS by competing for DNA binding sites and thus promotes gene expression from multiple LEE transcriptional units (Barba et al., 2005; Bustamante et al., 2011; Haack et al., 2003; Mellies et al., 1999; Sperandio et al., 2000; Umanski et al., 2002) . Ler is considered to be a global regulator that receives environmental signals and regulatory input from multiple proteins, leading to host colonization (Mellies et al., 2007) . In addition, the global regulator LEE activator and repressor proteins, GrlA and GrlR, respectively, influence transcription. GrlA is a transcriptional activator with a helix-turnhelix motif, binding to DNA near promoter elements (Jimenéz et al., 2010) . GrlR is known to interact with GrlA and prevent GrlA binding to DNA, thereby acting as an inhibitor of GrlA function (Jobichen et al., 2007) . The GrlA and GrlR proteins thus impose another level of regulatory control. Post-transcriptional regulatory mechanisms, such as mRNA processing (Lodato & Kaper, 2009; Roe et al., 2003) and mRNA stabilization (Bhatt et al., 2009) , have also been reported for a transcriptional unit within the LEE, thereby adding yet another level of regulatory control to gene expression. Studies of E. coli promoters have identified DNA elements, besides 210 and 235 boxes, that contribute to sigma factor binding and therefore are important for promoter activity. These include conserved nucleotide positions and DNA spacer length between the 210 and 235 boxes (Burr et al., 2000; Mitchell et al., 2003) . With respect to the LEE, GrlA binds to the LEE1 promoter spacer region to promote RNA polymerase binding (Islam et al., 2011) . From the aforementioned examples, it is evident that LEE gene regulation is complex and highly interconnected.
The LEE5 transcriptional unit contains three contiguous genes named tir, cesT and eae (Sánchez-SanMartín et al., 2001 ; Fig. 1 ). The tir gene encodes the translocated intimin receptor (Tir), a protein that is injected into host cells by the EPEC T3SS during infection and then becomes surfaceexposed to bind the bacterial outer-membrane adhesin intimin (encoded by the eae gene) (Kenny et al., 1997b) . The cesT gene encodes a multicargo type III secretion chaperone protein. CesT was initially discovered to be the chaperone for E. coli secreted protein Tir (Abe et al., 1999; Elliott et al., 1999) , although subsequent studies implicated CesT roles for other type III effectors that are encoded within and outside of the LEE (Creasey et al., 2003; Thomas et al., 2005) . LEE5 gene regulation is multifaceted, with at least two known promoter elements (Sánchez-SanMartín et al., 2001 ). The first is the LEE5 main operon promoter, located immediately upstream of the tir gene. The LEE5 promoter is regulated by the direct binding activities of Ler (Haack et al., 2003) . Transcriptional reporter and RT-PCR studies suggest that a multicistronic transcript encoding tir-cesT-eae genes is transcribed from the LEE5 promoter, while a second promoter is located immediately upstream of the cesT gene Sánchez-SanMartín et al., 2001) (Fig. 1) . A putative cesT-specific transcript (~500 nt) that does not extend into the downstream eae gene is thought to exist, based on transcriptional fusion studies Sánchez-SanMartín et al., 2001) . The exact role of this cesT-specific transcript is not known. It would seem to be redundant, given the expression of tir-cesT-eae genes from the LEE5 promoter.
In this study, we functionally characterized the cesT promoter (from now on referred to as cesTp). We provide multiple lines of evidence that cesTp has features consistent with some E. coli extended 210 element promoters. This includes a 'TG' box, a weak 235 box compared with the E. coli 235 consensus, maximal promoter activity during bacterial outgrowth and reduced activity in exponential phase. Unlike the LEE5 promoter, which requires Ler for transcriptional activity, cesTp was found not to require Ler, indicating that a different regulatory mechanism exists for cesT gene expression. Using a real-time promoter activity assay and growth conditions that support EPEC LEE gene expression, it was observed that cesTp was active before the Fig. 1 . The tir-cesT intergenic region contains a promoter for cesT-specific gene expression. (a) Schematic of the tir-cesT-eae LEE5 operon of EPEC. Putative mRNA species are indicated based on previous reporter and RT-PCR studies. The Ler and GrlA positive regulators that are known to bind upstream of the LEE5 promoter are shown in white. H-NS (grey) is known to bind upstream of the LEE5 promoter and repress transcriptional activity. The DNA fragments cloned to generate promoter-lux fusions used in this study are shown below in the intergenic expansion. The DNA sequence common to all promoter-lux fusions that demonstrated activity is shown with putative "35 and "10 boxes underlined. A black dot indicates the experimentally determined transcriptional start site. (b) Luciferase assay measuring light emission from wild-type EPEC harbouring the indicated promoter-lux constructs depicted in (a). pJW15 contains a promoterless luxCDABE cassette and served as a background control in EPEC. The experiment was repeated three times, and representative data from a single experiment are shown. Error bars, SD derived from replicate measurements. An unpaired two-tailed t test was used for statistical analysis. ***P,0.0001, **P,0.0002.
Temporal cesT gene expression LEE5 promoter. cesTp activity was also observed during infection of human intestinal epithelial cells. Deletion of cesTp resulted in bacteria with lower CesT protein levels at early time points. These data indicate that a dual temporal cesT gene expression pattern exists and that cesTp is regulated in a manner different from the main LEE transcriptional operons. The findings are discussed in terms of a model where CesT-effector complexes form prior to T3SS-mediated translocation of effectors during infection.
METHODS
Bacterial strains and growth media. Bacterial strains generated and used in this study are listed in Table 1 Isolation of genomic and plasmid DNA. Genomic DNA was isolated from bacterial strains using the Purogene genomic DNA isolation kit (Gentra systems). Plasmids were isolated from bacterial strains using the QIAprep Spin Miniprep kit (Qiagen).
Recombinant plasmid construction. A promoterless lux plasmid construct (pJW15; MacRitchie et al., 2008) containing the luxCDABE cassette from Photorhabdus luminescens was used as a starting plasmid for all lux plasmid constructs in this study. This plasmid has been used before in EPEC for luciferase reporter studies (MacRitchie et al., 2008) . A DNA fragment was PCR-amplified from EPEC genomic DNA with primers EB1 and EB2 (Table 2 has a complete list of primers used in this study) and then treated with BamHI and XhoI followed by cloning into BamHI-and Xho-treated pJW15 to generate E. Brouwers, I. Ma and N. A. Thomas cesTp1-lux. cesTp2-lux and cesTp3-lux were generated in a similar fashion using primer pairs EB3/EB4 and EB2/EB3, respectively. cesTp-lux, containing most of the tir-cesT intergenic region, was generated with primer pair NT269/NT270. cesTp-lux plasmid DNA served as template in a PCR to generate mutant promoter DNA fragments; cesTp(218T/G) with primers NT269/NT271, cesTp(214G/ C) with primers NT269/NT273, and cesTp(212T/A) with primers NT269/NT272. The resulting DNA fragments were cloned into pJW15 as described above. DNA encompassing cesTp of Citrobacter rodentium was amplified from chromosomal DNA with primer pair NT306/ NT307 and cloned into pJW15. Similarly, primers NT308/NT309 were used to amplify cesTp of EHEC from chromosomal DNA, followed by cloning into pJW15.
cesTp-mCherry was generated by fusing two DNA fragments corresponding to cesTp and the mCherry ORF derived from pmCherry (Clontech). Briefly, primer pair NT269/NT270 was used in a PCR with cesTp-lux as template to generate a 133 bp fragment. A separate PCR with primer pair NT274/NT275 was performed with pmCherry DNA as template to generate an 850 bp mCherry-encoding DNA fragment that included a ribosome-binding site. The DNA fragments from each PCR were digested with EcoRI, and then ligated to each other with T4 DNA ligase. The ligation reaction was then used as template DNA in a PCR with primer pair NT269/NT275. The resulting 983 bp product was treated with XhoI and ClaI and then cloned into SalI-and ClaItreated pACYC184. To generate a promoterless mCherry construct, the 850 bp mCherry fragment was treated with T4 polynucleotide kinase and ClaI, and then cloned into NruI-and ClaI-treated pACYC184.
Construction of mutants in EPEC E2348/69. A chromosomal deletion of cesTp was generated using allelic exchange (Thomas et al., 2005) . Briefly, two DNA fragments were PCR-amplified using primer pairs EB8/EB12 and EB11/EB13 using EPEC genomic DNA as a template. Both DNA fragments were restriction-digested and added to a three-piece ligation with SacI/KpnI-treated pRE112 (suicide plasmid) (Edwards et al., 1998) to generate PDcesTp. The resulting 87 base deletion removes the 235 box and alters the cesTp spacer region. The PDcesTp was mated into wild-type EPEC and then subjected to allelic exchange via sucrose selection, as previously described (Thomas et al., 2005) .
In vitro secretion assay. An EPEC secretion assay was then performed as previously described (Thomas et al., 2005) . Time-course experiments were performed using a protocol as described elsewhere (Knodler et al., 2006) , with some modifications. Briefly, bacteria were harvested by centrifugation (2 min at 16 363 g), and the culture supernatant was removed. The bacterial pellet was immediately resuspended in hot electrophoretic sample buffer [0.0625 M Tris/HCl (pH 6.8), 1 % (w/v) SDS, 10 % (v/v) glycerol, 2 % 2-mercaptoethanol, 0.001 % bromophenol blue] (65 uC) and then boiled immediately for 5 min to generate a whole-cell lysate sample. Samples were then cooled to room temperature and stored frozen at 220 uC. All relevant samples from a single experiment were prepared in parallel and subjected to protein separation on the same polyacrylamide gel, followed by immunoblotting (see section below). (Mills et al., 2008) . For real-time assays, the standard protocol involved overlaying each of the samples with clear mineral oil (to prevent evaporation). The plate was incubated in the Victor X5 instrument without a lid, as the lid was shown to interfere with light and optical density measurements. To favour equal and uniform plate heating, unused wells were filled with growth medium and overlaid with mineral oil. Bacterial strains were initially prepared in the same way as for the end-point assays. Starting cultures (OD 595 0.085) were aliquoted 200 ml65 wells into the multiwell plates for each bacterial strain being tested. The cultures were overlaid with 50 ml of clear mineral oil per well and then placed in the VictorX5 instrument pre-set at 37 uC with an on-board heater. The cultures were grown statically with c.p.s. and OD 595 measurements being captured every 15 min as directed by a software-driven assay protocol (measurement height for light emission58.00 mm, emission aperture set to 'normal'; optical density filter 595 nm, 1 s per well, excitation aperture set to 'normal'). Under these static culture conditions, EPEC strains exhibited a reproducible sigmoidal growth curve (see Fig. 5 for examples). This empirically derived and optimized protocol produced repeatable data for both light and optical density measurements. All real-time assays were repeated at least three times, with representative data from a single experiment being presented. The data were plotted and subjected to statistical tests in GraphPad Prism5 software.
Protein electrophoresis and immunoblotting. All protein samples were separated by SDS-PAGE as described elsewhere (Laemmli, 1970) .
Separated polypeptides were visualized by Coomassie G-250 blue staining. For immunoblotting, separated polypeptides were transferred to an Immobilon-P membrane (Millipore), blocked with skimmed milk [5 % (w/v) in Tris-buffered saline+Tween20 (TBS-T)], and then incubated with specific antibodies at working concentrations. Immunoblots were developed using Immun-Star chemiluminescence reagent (Bio-Rad) and data captured on a VersaDoc 5000MP (Bio-Rad).
Quantitative densitometry measurements. Chemiluminescent signals in immunoblotting experiments were analysed using Image Lab 3.0 software (Bio-Rad) as previously described (Thomassin et al., 2011) . All samples were loaded to be within the linear range of accurate quantitative detection for the primary antibodies used in the experiments. Anti-RNA polymerase antibodies were used to detect RNA polymerase amounts and served to normalize cell lysate samples. , grown for 24 h, and then infected with various EPEC strains for 2 or 3.5 h. Prior to HT-29 infection, EPEC strains were grown overnight (at least 16 h) in LB, and then diluted in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal bovine serum to generate an infection inoculum corresponding to an m.o.i. of 50. The infected HT-29 cells were prepared for microscopy as previously described (Thomas et al., 2007) . Alexa Fluor 488 Phalloidin (Invitrogen) and DAPI (Sigma) were used to stain F-actin and DNA, respectively. Images were detected using a Zeiss Axiovert 200 inverted microscope and captured using a Hamamatsu ORCA-R2 digital camera.
RESULTS

Identification of DNA regions upstream of cesT that contain functional promoter elements
Transcriptional reporter studies of the tir-cesT intergenic region have identified a promoter element and a transcriptional start site for a monocistronic cesT transcript (Sánchez-SanMartín et al., 2001) . A second putative transcriptional start site further upstream has also been identified using primer extension analyses, although the relevance of this site has not been evaluated . To extend those findings, specific DNA fragments containing putative promoter elements were fused to a promoterless luxCDABE cassette within pJW15 (Fig. 1a) . A 143 bp cesTp1 fragment originating from the intergenic region and extending 56 bases into the cesT ORF was cloned into pJW15. A 410 bp cesTp2 construct encompassing the putative second transcriptional start site and extending into the upstream tir ORF was also generated. A 529 bp cesTp3 construct contained DNA originating from within the tir ORF and extending 56 bases into the cesT ORF. Lastly, a cesTp construct (133 bp) with only intergenic DNA was generated. These constructs were transformed into wild-type EPEC to perform luciferase assays to measure transcriptional activity in EPEC grown in M9 medium, a condition known to 'induce' the expression of LEE genes and produce proteins required to form a functional T3SS (Kenny et al., 1997a) . As shown in Fig. 1(b) , EPEC harbouring pJW15 (promoterless lux construct) produced almost no light. In contrast, the cesTp3-lux construct had the highest promoter activity. The cesTp1-lux and cesTplux constructs produced light, although promoter activity was significantly lower than for cesTp3. The cesTp2-lux construct was comparable with pJW15. These results indicate that the tir-cesT intergenic region contains a promoter element, and confirms earlier findings (Sánchez-SanMartín et al., 2001) . The DNA immediately upstream of cesTp1 does not contain a functional promoter element alone (i.e. construct cesTp2), although the DNA contributed to maximal promoter activity when placed upstream of cesTp or cesTp1 (i.e. construct cesTp3).
Bioinformatic analyses identify features of an extended "10 element for the cesT promoter
To further expand the experimental data, we set out to determine whether sequence elements associated with the cesT promoter region were conserved among different A/E E. coli strains. We used the mapped transcriptional start site for cesTp (Sánchez-SanMartín et al., 2001) as a guide to identify probable 210 and 235 promoter elements. Nucleotide sequence alignments revealed that the cesT promoter region from the probable 210 box to the 235 box (inclusive) is highly conserved (96 % identity, 28/29 bases) among EPEC strains (Fig. 2) , including isolates associated with human disease and extending into strains commonly associated with other animals. The only variation is found within the probable 210 box for EPEC E2348/69, otherwise all the EPEC strains are identical in the cesT promoter region. The promoter appears to be similar to a s 70 type promoter with a well-conserved 210 box (TATTAT, 5/6 conserved with TATAAT E. coli consensus) located 22 nt upstream of the cesT start codon for EPEC E2348/69. In keeping with positional counting from the probable 210 box, with the first T representing position 212, a 'weak' or less conserved ATGGGT 235 box was identifiable, with only 2/6 bases in common with the E. coli consensus (TTGACA) for all EPEC strains. Positions 215 and 214 were always T and G, respectively, which is similar to extended 210 element promoters, which are defined by a conserved TGn immediately upstream of the 210 box (TGnTATAAT) (Burr et al., 2000; Kumar et al., 1993; Mitchell et al., 2003) . The 'spacer' sequence located between the 210 and 235 boxes was invariant in sequence for all EPEC strains. Notably, the 218 position T is 100 % conserved, a position associated with maximal promoter activity (Singh et al., 2011) . Lastly, the spacing between the 210 and 235 boxes has also been demonstrated to be an important feature for promoter activity (Mulligan et al., 1985) , and in the case of cesTp, the 17 base spacer corresponds to the optimal spacing for s 70 promoters. Analysis of EHEC and C. rodentium strains in the database revealed identical respective cesT promoter regions, with features similar to EPEC, specifically an extended 210 element, invariant spacer region and 'weak' 235 box (Fig. 2) . To experimentally evaluate whether the identified Citrobacter and EHEC extended 210 elements (i.e. cesTp DNA regions) supported promoter activity, we cloned the DNA regions into pJW15 and introduced the respective plasmids into C. rodentium and EHEC. cesTp of C. rodentium supported robust activity when cultured in M9 medium. For EHEC, a low amount of cesTp activity was evident, although the difference from a promoterless control (pJW15) was not statistically significant. There remains the possibility that growth conditions (other than M9 medium) can better support cesTp activity in EHEC. The bioinformatics and experimental assays performed here indicate that cesTp found within A/E pathogens has many elements that fall within the category of an active extended 210 element promoter.
Features of the cesTp extended "10 element are required for maximal promoter activity It has been demonstrated that laboratory E. coli strains (e.g. DH5a) can be used as a surrogate to study s 70 promoter fragments from pathogenic E. coli species (Islam et al., 2011; Jiménez et al., 2010) . Furthermore, Mitchell et al. (2003) demonstrated that short DNA fragments (100-175 bp) can be used to determine the basal elements that contribute to extended 210 element promoter activation. EPEC harbouring cesTp3-lux exhibited the highest light production of all the plasmid constructs, although we noticed that this strain grew slightly slower compared with all other strains when grown under static conditions (see below, Fig. 5b) , and therefore chose not to use the cesTp3-lux construct as a plasmid backbone for nucleotide mutation studies. DH5a harbouring cesTp-lux (133 bp intergenic DNA construct) produced light when cultured in Luria broth, whereas the pJW15 promoterless control exhibited low background light levels (Fig. 3a) . We then introduced mutations into the cesTp-lux fusion using a PCR-based primer extension strategy that was recently reported by Singh et al. (2011) . Our bioinformatic results served as a guide along with the rationale from earlier findings in the literature reporting that specific nucleotide positions contribute to promoter activity. For example, position 218T has been functionally implicated in interactions with s 70 in regions d2 and d3 (Singh et al., 2011) . Position 214G (part of the TG box) is known to interact with s 70 residue E458 in region d3 (Barne et al., 1997) . Lastly, position 212T forms contacts with s 70 residues Q437 and T440 (Murakami et al., 2002) , and is generally considered to be important for open complex formation at 210 boxes (Fenton & Gralla, 2001) . Therefore, to test the roles of these positions with respect to cesTp activity, three mutant constructs were generated, 218T/G, 214G/ C and 212T/A. In DH5a, the 218T/G mutation resulted in 25 % of wild-type promoter activity, whereas the 214G/C and 212T/A mutations essentially rendered cesTp inactive (Fig. 3a) . The same constructs produced similar results in EPEC (Fig. 3b) . Therefore, cesTp activity was dependent on DNA sequence features that are found in s 70 extended 210 element promoters. This included nucleotide positions in the spacer region and 'TG box' element (see Discussion). Promoter activity was observed in DH5a, a strain without the LEE, suggesting that cesTp activation does not strictly require EPEC regulators for transcriptional activity.
Known LEE transcriptional regulators are not required for cesTp activity
To further evaluate whether the cesTp promoter is activated independently of known DNA-binding proteins or regulators that contribute to EPEC LEE gene expression, the cesTp-lux construct was introduced into the following null mutant EPEC strains: Dler, DgrlA and DgrlR. The strains were cultured under conditions known to stimulate LEE gene expression and then assayed for light production. Under these growth conditions, the grlR mutant exhibited a slower growth rate than the other strains for unknown reasons, although the absence of GrlR may allow for unregulated GrlA activity (higher LEE gene transcriptional activation; Jiménez et al., 2010; Jobichen et al., 2007) . All the strains produced light at levels near to those of wild-type , EHEC isolates (middle) and C. rodentium (bottom). The mapped transcriptional start site for EPEC E2348/69 is shown with a bent arrow. The putative "10 and "35 boxes are in bold and underlined type. A 17 nt spacer sequence is denoted with a solid line above the nucleotide sequences. A strictly conserved 'TG' motif and position "18T, known to be important for extended "10 element promoters, are shaded grey. The asterisks denote nucleotide positions that are conserved with EPEC E2348/69 for all the bacterial strains within each group. Consensus sequences for each group are shown below the respective alignments along with the generally accepted E. coli consensus for "10 and "35 boxes. A Citrobacter sp. consensus is not available. Black dots represent matches with the E. coli consensus. Note the invariant TTCTGT immediately upstream of the putative "10 box in all bacterial strains. GenBank accession numbers for the corresponding sequences are shown on the right. (b) cesTp-lux fusions for C. rodentium and EHEC demonstrating promoter activity.
EPEC, although minor differences in light production were observed (Fig. 4a) . A LEE5-lux construct was tested in wild-type EPEC and Dler for light production, and as expected, its light-producing activity was severely reduced (Fig. 4b) , as reported earlier MacRitchie et al., 2008) . Therefore, under these experimental conditions, Ler and GrlA did not contribute to the observed activity of cesTp-lux, and GrlR did not repress cesTp-lux activity.
Type III secretion activity and CesT are not required for cesTp activity
The cesTp-lux construct was also introduced into DescN and DcesT EPEC strains. DescN does not secrete proteins via the T3SS due to the absence of the secretory ATPase, and hence served to evaluate cesTp transcriptional activity in the absence of a functional T3SS. EPEC DcesT was used to investigate whether a positive or negative autoregulatory feedback loop existed for cesTp. The rationale for performing these experiments was based on findings in Shigella, Pseudomonas and Vibrio spp., where secretion activity and chaperone-associated transcriptional regulatory loops have been identified (Kodama et al., 2010; Parsot et al., 2005; Urbanowski et al., 2005) ; however, for both DescN and DcesT, cesTp-lux was unchanged compared with wild-type (Fig. 4a) . Therefore, under the conditions tested, a functional T3SS was not required for cesTp activity, and there was no evidence for CesT-mediated positive or negative auto-feedback regulation.
cesTp but not LEE5 is active in late stationary phase, and cesTp activity continues during growth under conditions that support LEE gene expression
We took advantage of the luxCDABE reporter fusions to generate temporal activity profiles for both cesTp and LEE5 activity. The immediate cytoplasmic in situ biochemical reaction of the LuxCDABE proteins results in real-time light production that correlates with promoter activity (Meighen, 1993) . This experimental approach is well established and has been used in different bacteria to track promoter activity over time (Beeston & Surette, 2002; Flentie et al., 2008) . We used clear-bottomed, white-walled multiwell plates, which allowed for immediate sequential collection of light emission Fig. 3 . cesT promoter activity is dependent on nucleotides located in the promoter spacer region, a TG motif and the "10 box. DH5a (a) or EPEC (b) with the indicated plasmid constructs were cultured at 37 6C with shaking in LB medium to an optical density of~0.6. Light emission measurements were captured from replicate samples for each bacterial strain. The DNA sequences indicate the positions of the nucleotide substitutions (large lettering) in the cesT promoter region. The putative "10 and "35 boxes are underlined. The experiments were repeated at least three times, and the data presented are from a single experiment and are representative of all experiments. Error bars, SD derived from replicate readings. ***, Significant difference of P,0.0001, resulting from an unpaired two-tailed t test.
Temporal cesT gene expression and optical density measurements from each sample at corresponding time points. A drawback of this approach was that light detection accuracy (meaning actual light emission from the sample) was reduced due to light 'escaping' through the clear bottom of the sample (see Methods for a detailed description). Nonetheless, assay precision (meaning reproducibility and repeatability) were experimentally and statistically demonstrated. Wild-type EPEC harbouring one of cesTp-lux, cesTp1-lux, cesTp3-lux or LEE5-lux were cultured in type III secretion-inducing M9 medium under static conditions, with data collection occurring every 15 min for 5 h. EPEC with cesTp-lux, cesTp1-lux and cesTp3-lux emitted light immediately upon inoculation into M9 medium (or the initial measurement) (Fig. 5a ). While EPEC with cesTp3-lux produced higher light levels than EPEC with cesTp-lux or cesTp1-lux, it was noted that it exhibited slower growth kinetics than the other strains, for unknown reasons (see asterisk in Fig.  5b ). EPEC with cesTp-lux or cesTp1-lux grew similarly to EPEC/pJW15 and produced almost identical temporal promoter activation profiles. Based on the aforementioned observations, we chose to focus our attention on cesTp-lux. cesTp-lux activity corrected for cell density demonstrated a maximum at the initial measurement (t50 min, 2048 c.p.s. per optical density unit) and then sharply decreased over time, reaching a background level (values comparable with EPEC containing pJW15) at t5120 min (Fig. 5c) . In contrast to cesTp-lux, LEE5-lux activity was comparable with EPEC containing pJW15 at early time points and then demonstrated activity between 45 and 60 min post-inoculation (Fig. 5d, f) . EPEC with cesTp-lux or LEE5-lux produced growth kinetics nearly identical to those of EPEC/pJW15 (promoterless control) (Fig. 5e ). LEE5-lux activity corrected for cell density demonstrated a maximum at t5120 min. At this same time point, cesTp-lux activity was equivalent to the background level seen for EPEC/pJW15 (Fig. 5f ).
Given maximal cesTp-lux activity at t50, we set out to evaluate whether cesTp-lux and LEE5-lux were active in the late-stationary-phase overnight LB cultures used that were subcultured into M9 medium. It was observed that cesTplux was active, whereas LEE5-lux was not (data not shown). Therefore, under these experimental conditions, cesTp-lux activity was observed in late stationary phase cultures that continued when subcultured into M9 medium. In contrast, LEE5-lux promoter activity was not observed in late stationary phase cultures and was only initiated at 45 min post-inoculation into M9 medium. When cultured in M9 medium, the activity maxima for cesTp and LEE5 were separated by 120 min. When LEE5 activity was maximal at 120 min, cesTp appeared inactive.
Disruption of cesTp reduces CesT protein levels at early time points
The finding of initial cesTp activity, before LEE5 activity, suggested that early CesT protein expression could be important for EPEC type III secretion dynamics. We therefore set out to generate a genetic deletion to disrupt cesTp while maintaining a normal LEE5 promoter and the cesT ORF. A DcesTp EPEC strain was created by allelic exchange (see Methods) and then evaluated in protein secretion and infection assays. In a 6 h secretion assay, the DcesTp strain produced a total secreted protein profile that appeared identical to that of wild-type EPEC (Fig. 6a) . This characteristic EPEC secretion profile (Abe et al., 1999; Kenny et al., 1997a; Thomas et al., 2005) includes abundant levels of the type III translocon proteins EspA, EspB and EspD, in addition to EspC (type V secreted protein). These proteins have been identified by MS in previous studies. Immunoblotting the secreted protein fractions with monoclonal anti-Tir antibodies (Thomas et al., 2005) indicated equal amounts of secreted Tir protein (Fig. 6a) . The corresponding whole-cell lysates were probed with antibodies against CesT, Tir, EscJ (T3SS apparatus protein) and RNA polymerase. The relevant protein levels appeared identical for wild-type EPEC and DcesTp, as determined by immunoblotting (Fig. 6b) . Given the early activity of cesTp in EPEC, we reasoned that after 6 h, cesTp-related phenotypes could be masked by LEE5 promoter activity, which would produce abundant levels of tir and cesT mRNA, and presumably by mRNA translation to Tir and CesT proteins. This view is supported by the temporal LEE5 promoter activity pattern in Fig. 5(f) . Therefore, CesT steady-state levels were quantitatively compared (see Methods) between wild-type and DcesTp by collecting whole-cell lysates every 15 min over a 180 min (3 h) culturing period. Bacteria were harvested and then immediately resuspended in hot electrophoretic sample buffer, followed by boiling to preserve protein levels and inactivate cellular proteases. The ratio of CesT/RNA polymerase protein levels were observed to be lower in DcesTp as early as 75 min postinoculation, and extended to 165 min when compared with wild-type EPEC (Fig. 6c) . The difference between wild-type and DcesTp ratios was significant at 120, 135 and 150 min. After 165 min, the DcesTp strain exhibited CesT/ RNA polymerase ratios that were comparable (no significant difference) with those of wild-type EPEC.
cesTp activity occurs during infection of intestinal epithelial cells
Next, in vitro EPEC infection of human intestinal epithelial cells was carried out, with the aim of characterizing the role of cesTp in a physiological infection context. EPEC with cesTp-lux and EPEC with LEE5-lux were used to infect HT-29 cells (m.o.i. 50) in white-walled, clear-bottomed 96-well plates. With this experimental setup it was not possible to obtain optical density measurements, as the HT-29 cells obstructed light passage through the sample, although the bacterial strains were shown to exhibit near identical growth rates in M9 medium (Fig. 5d) . Light emission readings (from bacterial bioluminescence) were taken every 15 min for 240 min (4 h). It was not productive to study infections for longer (i.e. 5 h, similar to Fig. 5) , as a high proportion of HT-29 cells were observed to lift off the well (d) and (e). The cesTp and cesTp1-lux constructs appear to have overlapping temporal light emission and growth profiles, while cesTp3-lux exhibits higher overall light emission but a slower growth rate than other bacterial strains [denoted by an asterisk in (b)]. The arrows in (c) and (f) correspond to promoter activity maxima for each plasmid construct. Note that the cesTp-lux activity maximum occurs 120 min before the LEE5-lux activity maximum under these conditions. The light emission and optical density measurements are plotted separately to highlight temporal light emission patterns in the context of growth stages. These experiments were repeated at least three times and representative data are shown. Error bars, SD derived from replicate samples within the experiment.
Temporal cesT gene expression surface due to EPEC infection. cesTp activity remained constant over the first 75 min (approx. 50-60 c.p.s.) and then increased to 120 c.p.s. by 120 min post-infection. In contrast, LEE5-lux activity was delayed, starting at 120 min post-infection and rising sharply to 400 c.p.s. by 180 min (Fig. 7a) . Next, an actin pedestal infection assay was performed. EPEC reorganizes host cell actin upon T3SS-mediated delivery of the Tir effector into host cells. Therefore, the ability of DcesTp to reorganize host cell actin was compared with wild-type EPEC. No difference was observed between DcesTp and wild-type EPEC in the actin pedestal assay (data not shown). Unfortunately, these experiments were not informative with respect to cesTp early activity, as under these infection conditions (m.o.i. 50), actin rearrangements were typically not observed at time points earlier than 3 h post-infection for wildtype EPEC (E. Brouwers and N. A. Thomas, unpublished observation) . Given that the cesTp-lux strain produced light upon HT-29 infection at 2 h post-infection (Fig. 5a ), we reasoned that cesTp was active and that extracellular adherent bacteria had likely expressed CesT early during the infection and prior to the formation of actin pedestals. To assess this possibility, we generated a cesTp-mCherry fusion plasmid. This strategy would allow for single cell analysis of gene expression by fluorescence microscopy. EPEC harbouring cesTp-mCherry were used to infect HT-29 cells for 2 h and were viewed by fluorescence microscopy. EPEC with cesTp-mCherry adhered to HT-29 cells and appeared red 2 h post-infection, although actin pedestals were not apparent at this time point (Fig. 7b) . A 3.5 h infection was carried out, which revealed higher numbers of HT-29-adherent EPEC (Fig. 7c) . EPEC with cesTp-mCherry appeared red on top of F-actin-rich pedestals, whereas EPEC harbouring a promoterless mCherry The chemiluminescent signals from the immunoblotting experiment were quantified and are presented as a ratio of CesT/RNA polymerase at each time point (bar chart). Note that samples were loaded to adjust for cell number, so that detection of RNA polymerase would fall within the linear range of detection that had been empirically determined. Asterisks indicate a significant difference at P,0.05 as determined by an unpaired Student's t test.
ORF were not red, although they still produced F-actinrich pedestals, as expected. These single cell analysis results suggest that cesTp activity likely occurred at some point during the in vitro infection, resulting in mCherry protein expression and subsequent detection by fluorescence microscopy.
DISCUSSION
LEE gene expression is complex, involving transcriptional control mediated by activators and repressors, in addition to mechanisms involving post-transcriptional and quorumsensing control (Bhatt et al., 2009; Bustamante et al., 2011; Lodato & Kaper, 2009; Sperandio et al., 1999; Thomassin et al., 2011) . In this study we characterized the promoter for the type III secretion chaperone cesT gene and revealed it to be important for initial cesT mRNA expression in a Lerindependent manner. We speculate that the cesT promoter is a transcriptional mechanism to ready the cell with CesT protein levels that serve to stabilize effectors as soon as they are synthesized. This could be particularly important for the in vivo translocation of Tir, which has been shown to be essential for the hierarchical secretion of effector proteins (Thomas et al., 2007) and thus for their eventual injection into host cells.
Our data indicate that cesTp does not require Ler-mediated de-repression for transcriptional activity. Ler is considered the master regulator of LEE gene expression, so Lerindependent cesTp activity is somewhat unexpected and therefore highlights a separate mechanism for cesT gene expression. Furthermore, cesTp was shown to not require GrlA for activity. Given the location of cesT within the LEE5 transcriptional operon, cesTp is an intrinsic genetic element that functions independently of Ler and GrlA. Consistent with this view, cesTp was shown to be active in E. coli DH5a, which does not encode Ler or GrlA.
End-point and real-time luciferase assays were carried out to evaluate cesTp-lux and LEE5 lx promoter activation in EPEC. We noticed that c.p.s./OD values for EPEC with these reporter constructs were reproducible and consistent post-infection, samples were washed and fixed, followed by staining with 488 Phalloidin (green) to stain F-actin and DAPI (blue) to stain bacteria. The arrows point to bacteria on top of well-defined actin pedestals. Combined images (three channels) are shown in a merged image. Note that EPEC expressing mCherry and stained with DAPI appear purple (red+blue), whereas EPEC not expressing mCherry and stained with DAPI appear blue in the respective merged images.
in the respective assays but tended to be lower (overall) for the real-time assays. An explanation for this, as detailed in Methods, is that it is not possible to accurately compare data readings between end-point and real-time assays due to differences in the experimental set up and data collection methods. With respect to the real-time assays with bacteria only (Fig. 5f) or infection of HT-29 cells (Fig.  7a) , cesTp-lux activity always preceded LEE5 lux activity in a range of 100 to 120 min. The data suggest that cesTp activity precedes LEE5 activity. This view is consistent with the single cell promoter activity infection experiments where HT-29 adherent EPEC, harbouring a cesTp-mCherry plasmid, appeared red before detection of Tir-mediated actin pedestal formation. Efficient tir expression requires LEE5 activity (Haack et al., 2003; Sánchez-SanMartín et al., 2001) , which suggests that in our experiments, cesTp activity supported mCherry protein expression before LEE5 activity was maximal.
The real-time activity trends for cesTp-lux, cesTp1-lux and cesTp3-lux follow the same temporal activity trend (Fig. 5a ) but different activation levels. cesTp3-lux was observed to have slower growth kinetics under static conditions compared with other strains for unknown reasons. Therefore relative quantitative promoter activity is difficult to interpret for cesTp3-lux. Higher cesTp3-lux activation could occur due to upstream DNA interactions. Importantly, the C-terminal region of the RNA polymerase alpha subunit (a-CTD) can interact with DNA sequences in a basenon-specific manner (with the DNA backbone) which is favourable for promoter recognition and complex isomerization (Ross & Gourse, 2005) . The upstream EPEC DNA in cesTp3-lux may be more favourable for this interaction than the plasmid sequences of pJW15 that are immediately adjacent to cesTp-lux and cesTp1-lux. An alternative possibility is that unidentified factors associate with the respective upstream or downstream DNA to promote transcriptional activity.
Bioinformatic analyses of the cesT promoter region from different E. coli pathotypes indicated a highly conserved s 70 extended 210 element promoter (Fig. 2) , which likely highlights the importance of this genetic element for cesT expression. Our experiments demonstrate that the extended 210 element promoter features of cesTp contribute to its activity. Altering the TG motif with a 214G/C substitution abolished cesTp activity. This agrees with data indicating that the TG motif is a critical contact point for s 70 region 2.5 (Barne et al., 1997) and data showing that 214G/C substitutions negatively impact on promoter activity (Burr et al., 2000) . Our finding that a 218T/G substitution in cesTp reduced promoter activity fourfold compared with wild-type cesTp (Fig. 3) is in agreement with studies with the gapA1 promoter which showed that a 218T/G substitution reduced promoter activity threefold (Thouvenot et al., 2004) . It has been demonstrated that there is a preference for T at position 218 in E. coli promoters (Singh et al., 2011) and that this position may contribute to a structural conformation favourable for Es 70 interactions (Murakami et al., 2002) . The loss of cesTp activity due to the 212T/A substitution was surprising, since 212A appears to be prevalent in many pathogenic E. coli strains but not EPEC E2348/69 (Fig. 2) . Still, 212T does form part of the consensus 210 box for E. coli promoters. Furthermore, a 212T/A mutation has been implicated in fivefold reduction of Es 70 binding to a duplex DNA fragment and the complete loss of Es 70 binding to a heparin-treated short fork DNA fragment (Fenton & Gralla, 2001 ).
Extended 210 element promoters are found for approximately 20 % of E. coli genes (Burr et al., 2000; Mitchell et al., 2003) . There is evidence indicating that during stationary phase, many extended 210 element promoters are not bound by Es 70 due to steric hindrance mediated by 6S RNA binding to Es 70 (Klocko & Wassarman, 2009; Wassarman & Storz, 2000) . Promoter sensitivity to 6S RNA regulation is even more evident when a weak 235 element, as measured by a low match to the consensus, is in place (Cavanagh et al., 2008) . For cesTp, a weak match to the 235 consensus and an extended 210 element (Fig. 2) raise the question of whether it is subject to 6S RNA regulation. 6S RNA-dependent phenotypes are very complex and often contextual with respect to growth conditions (Cavanagh et al., 2008; Neusser et al., 2010) . To the best of our knowledge, there is no published evidence for 6S RNA regulation of LEE gene expression.
A study evaluating the temporal expression of EPEC LEE genes using real-time PCR found that genes involved in intimate adherence, including tir and eae, are continually expressed after the initial stages of A/E pathogenesis, extending to 5 h after infection (Leverton & Kaper, 2005) . Our LEE5-lux fusion data are in general agreement with those findings. The presence of intestinal cells and tissue culture medium during infection conditions likely alters promoter activation patterns from those observed in M9 medium (bacteria only) conditions. This could explain the difference we observed for promoter activation patterns under these two conditions (Figs 5c and 7a ). Many researchers pre-activate EPEC cultures for 2 h by growing the bacteria in inducing media, prior to infecting cells for in vitro assays (Dong et al., 2010; Leverton & Kaper, 2005; Mills et al., 2008) . During that 2 h period, critical 'priming' or gene expression events are very likely occurring. The finding of cesTp activity during that 'priming' period is likely one of many probable critical events that occur to pre-activate EPEC.
Regardless of the method for in vitro EPEC infections, a dual temporal transcriptional pattern for cesT expression exists. CesT is a multicargo chaperone that interacts with at least nine effectors (Thomas et al., 2007) . We hypothesize that initial cesT expression and corresponding CesT protein levels could serve a role in preparing EPEC for effector translocation during infection. In our real-time lux reporter experiments, cesTp activity was observed immediately upon inoculation into M9 medium (Fig. 5a) . cesTp activity continued for 2 h, although promoter activity decreased and was essentially inactive at 120 min post-inoculation. This cessation of cesTp activity coincided with maximal LEE5 activity (Fig. 5d) , which would produce tir-cesT-eae mRNA. Therefore it appears that cesTp activity is temporally separate from LEE5 activity. In time-course experiments with the DcesTp strain, a reduced amount of CesT was observed compared with wild-type EPEC at 75 min post-inoculation which continued to 150 min. Statistical significance was observed at 120, 135 and 150 min (Fig. 6c) . These data suggest that cesTp activity contributes to CesT protein levels in the cell upon EPEC introduction into 'inducing' media that support efficient LEE and type III secretion gene expression.
cesTp activity did not require an active T3SS or CesT, since DescN and DcesT strains showed unchanged cesTp-lux levels compared with wild-type EPEC. This finding is relevant, as it differentiates EPEC from T3SS-containing pathogens that require a functional and active T3SS to mediate a gene expression cascade, as seen in Shigella flexneri, Pseudomonas aeruginosa and Vibrio parahaemolyticus (Kodama et al., 2010; Parsot et al., 2005; Urbanowski et al., 2005) . We cannot rule out EPEC T3SS activity as a factor influencing cesTp, although it is not a strict requirement for its activation. We speculate that free, uncomplexed cytoplasmic CesT would be advantageous for EPEC, such that when effector proteins are synthesized, CesT could efficiently bind, stabilize and recruit effectors for translocation into host cells.
In conclusion, this work provides evidence that cesTp is regulated in a separate manner from most LEE-encoded genes and provides new temporal activation patterns for cesTp. Multiple features of an extended 210 element were demonstrated to be critical for cesTp activation. LEE gene expression has been extensively studied, especially with respect to activators and repressors, quorum sensing, and post-transcriptional regulatory events, although few studies have characterized LEE-associated extended 210 element promoters. The findings highlight the complexity of EPEC LEE gene regulation, and implicate temporal gene expression patterns in EPEC pathogenesis.
